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Introduction
Mucosal membranes are moist surfaces in the human body exposed to the external environment. These include the gastrointestinal, respiratory and genitourinary tracts as well as the mouth, the nostrils and the eyes. They serve to protect the body from chemical and mechanical damage. Additionally they ensure lubrication and wetting of the epithelial surfaces. [1] [2] [3] Mucoadhesion can be defined as the interfacial attractive interactions between the polymeric materials in a dosage form and a mucus layer that covers mucosal tissues. Mucoadhesion has a significant role in drug delivery via mucosal routes of administration by holding a dosage form at the potential site of action and providing improved retention, drug absorption and enhanced bioavailability. [4] Furthermore, mucoadhesive materials can be used as curative agents to cover and protect damaged tissues (such as gastric ulcers or lesions of oral mucosa) or work as coating agents (oral cavity, eye and vagina). [5] Mucins are glycoproteins with a high molecular weight ranging within 0.5-40 MDa; they are important components of the mucus gel present on mucosal surfaces. There are two main types of mucin which coat the epithelial cells of the mucosal tissue: membrane-bound and secretory mucins. These form a fully hydrated viscoelastic gel layer known as mucus. The majority of mucins are negatively charged due to the presence of carboxylate groups and ester sulphates. [3, 6] Mucoadhesive materials are usually hydrophilic polymers capable of interacting with mucins and forming physical contacts such as hydrogen bonding, electrostatic attraction forces and hydrophobic effects. These polymers could be of cationic, anionic, amphoteric or neutral nature. [2, 7] A number of studies have been reported to explore the non-covalent interactions between mucins and various water-soluble polymers. The majority of these studies were focused on the interactions between commercially available porcine gastric or bovine submaxiliary mucins (Sigma-Aldrich) and cationic synthetic and natural polymers as well as dendrimers. [8] [9] [10] [11] [12] Sogias et al [10] have studied the interactions between porcine gastric mucin and chitosan using a combination of dynamic light scattering, transmission electron microscopy, zetapotential measurements and turbidimetric titration in the aqueous media containing inorganic salt, ethanol or urea. They have established that the mucoadhesive interactions have a complex nature with contributions from electrostatic attraction, hydrogen bonding and hydrophobic effects. The presence of inorganic salt, ethanol or urea in solutions could selectively inhibit the contribution of particular effects into these interactions. Similar study was reported for the interactions between porcine gastric mucin and synthetic quaternary ammonium methacrylate copolymers. [13] Recently the interactions between chitosan and porcine gastric mucin were also studied by Menchicchi et al [11] and by Meng-Lund et al [14] using isothermal titration calorimetry (ITC). It was established that the binding of chitosan to mucin is a two-stage process with a switch from an exothermic to an endothermic effect depending on the polymer-mucin ratio.
Some other studies also reported the interactions between mucins and anionic polymers such as poly(acrylic acid), its weakly cross-linked derivatives (e.g. Carbopols®) and also some anionic polysaccharides (alginate,  dextran  sulphate,  hyaluronic  acid, carboxymethylcellulose, pectin, etc). [15] [16] [17] [18] The study of interactions between anionic polymers such as Carbopol 934P, a weakly cross-linked derivative of poly(acrylic acid), and porcine gastric mucin was previously reported by Patel et al. [15] They used a range of physicochemical techniques such as infrared, 1 H and 13 C nuclear magnetic resonance, and X-ray photoelectron spectroscopies as well as differential scanning calorimetry and established the formation of hydrogen bonds between the amide groups in mucin and unionized carboxylic groups in poly(acrylic acid).
In the present work we investigated the structural features of porcine gastric mucin and its interactions with linear poly(acrylic acid), poly(methacrylic acid), poly(ethylene oxide) and poly(ethylene glycol) in aqueous dispersions using isothermal titration calorimetry, turbidimetric titration, dynamic light scattering and transmission electron microscopy. To the best of our knowledge, this is the first study reporting the thermodynamic parameters of interactions between porcine gastric mucin and poly(carboxylic acids) in aqueous solutions.
Materials and methods

Materials
2.1.
Porcine gastric mucin (PGM) type III, poly(acrylic acid) (PAA, 2 and 450 kDa), potassium di-hydrogen orthophosphate, polyethylene oxide (PEO, 1000 kDa), polyethylene glycol (PEG, 10 kDa), and urea were purchased from Sigma-Aldrich, UK. Poly(methacrylic acid) (PMAA, 100 kDa) was purchased from PolyScience, Germany, and orthophosphoric acid was sourced from Fluka, UK. All chemicals were used without further purification.
Sample preparation 2.2.
All experiments were performed with 1 and 10 mg/mL mucin dispersions. These dispersions behaved like Newtonian non-viscous fluids. A two-step sample preparation technique was used to prepare mucin dispersions. PGM was dispersed in phosphate buffer, which was prepared by dissolving 34 g of potassium dihydrogen orthophosphate in 250 mL of ultrapure water with subsequent adjustment of pH to 3.0 using 1 mol/L orthophosphoric acid (approximately 3.75 mL). Note that pH 3.0 is within physiological range of pHs in the stomach (1.6 to 7.2). [7] PGM dispersions were stirred for 1 hour at room temperature and then 5 mL of each sample was sonicated with an exponential microprobe (MSE Ultrasonic instrument, UK, sonication amplitude 6 microns peak to peak) for different times (0, 5 and 15 min) and left stirring overnight before each experiment. Ultrapure water from a Purelab UHQ water purifier, ELGA, UK (Ω ˂ 18 cm) was used in all experiments.
Isothermal titration calorimetry (ITC) 2.3.
Binding interactions between PGM and different polymers (PAA 2 and 450 kDa, and PMAA 100 kDa) were studied using a MicroCalTM ITC-200 instrument (GE Healthcare, UK). Polymer solutions were loaded into the syringe (40 μL) and titrated into mucin dispersions loaded in 200 μL calorimeter sample cell. The reference cell was filled with ultrapure water. Titration measurements were performed automatically by the instrument, where 2 µL portions from the syringe were injected automatically into the sample cell every 80 sec. All ITC experiments were conducted at 25 C. OriginLab® version 7.0 software was used for the analysis of results and one-site binding model (n identical sites) was applied. [19] The molecular weight of PGM used for calculations of ITC parameters was assumed to be 1.25 × 10 6 Da. [20] Dynamic light scattering (DLS) 2.4.
The effect of sonication on the particle size distribution of mucin dispersions was studied using DLS. Initially, mucin dispersions (1 mg/mL) were sonicated using a sono-probe (MSE Ultrasonic instrument, UK) for 5 and 15 mins at 25°C. The size distribution of mucin dispersions was measured using a Nano-ZS Zetasizer (Malvern Instruments, UK) at 25°C.
A refractive index 1.15 and absorbance of 0.001 was used for all measurements. Each sample was measured three times and the results are presented as the mean values ± standard deviation (n=3).
Turbidimetric titration 2.5.
The interaction between PGM and the polymers was also investigated using turbidimetric titration. A 1 mg/mL dispersion of PGM was prepared as described in Section 2.2 and titrated with 10 mg/mL of each polymer. In each titration, 5 mL of PGM dispersion was titrated with solutions of each polymer separately, under continuous stirring for 1 min. The changes in turbidity were monitored at 400 nm with a Jasco V-530 UV/vis spectrophotometer (Jasco, UK). All of the measurements were performed in triplicate at room temperature and the results are presented as mean values ± standard deviation. To study the effect of urea at pH 3.0, 1 mg/mL PGM dispersions were prepared in 0 -8 mol/L urea aqueous solutions instead of phosphate buffer. pH of these urea-containing solutions was adjusted to 3.0 by addition of 1 mol/L HCl.
Transmission electron microscopy 2.6.
A 10 mg/mL (1 w/v %) mucin dispersion was prepared in phosphate buffer, and adjusted to pH 3.0 with small quantities of 1 mol/L HCl. Mucin suspensions were pipetted onto a copper grid. The sample was then stained with 1 w/v % of uranyl acetate solution and allowed to dry using a filter paper. Imaging of the samples was then carried out under vacuum with a JEOL JEM-2010 microscope with an accelerating voltage of 120 kV.
Statistical analysis 2.7.
All of the values are presented as mean ± standard deviation. The ITC data which was used to study the effect of sonication on the interactions between mucin and PAA was statistically analysed using MINITAB-17. Significance of the data was evaluated by a oneway ANOVA test. The criterion for statistical significance was defined as p<0.05.
Results and discussion
Investigation into the structure and properties of porcine gastric mucin in 3.1.
aqueous dispersions
Effect of sonication on the size distribution of mucin 3.1.1.
Mucin dispersions (1 mg/mL, pH 3.0) sonicated for 0, 5, and 15 min at 25°C were studied using DLS. Figure 1 shows that the non-sonicated mucin dispersion exhibits a bimodal size distribution, whereby producing two different size populations with z-averages of 531 ± 85 and 1480 ± 285 nm. After sonication of mucin dispersions for 5 min, another bimodal size distribution is obtained. However, the peaks have shifted, giving one peak at 58 ± 14 nm and another at 615 ± 96 nm. Despite the larger z-average presented in the second peak, the overall distribution is smaller, and the particles are smaller than 1 µm. Furthermore, sonication of mucin for 15 mins resulted in an almost mono-modal particle size distribution with a z-average size of 459 ± 73 nm. Sonication causes an initial disaggregation of mucin particles with the formation of smaller species. Further DLS measurements showed that some of these particles remain un-aggregated but some gradually re-aggregate to form larger agglomerates. The formation of PGM particles with monomodal particle distribution was not therefore achieved in all experiments with 15 min sonication as mucin dispersion is a highly dynamic system undergoing continuous transformations; however a reduction in size compared to the non-sonicated samples was.
We have also probed the effect of sonication on mucin dispersions with different concentrations and different pHs (data not shown). The results revealed similar redistribution of particle sizes upon sonication. The distributions presented here are in good agreement with our previous studies, which also looked at 1 mg/mL PGM dispersions at different pHs. [10, 13] Typically, mucin aggregates of larger size were observed at lower pHs.
Sonicated mucin dispersions reveal a re-distribution of particle sizes which is likely related to disaggregation of some particles with liberation of smaller species with activated surfaces. These smaller particles can promote further agglomeration and formation of larger aggregates by interactions with other parts of the mucin network. The mechanism of disaggregation and re-aggregation of mucin particles caused by sonication is schematically shown in Figure 2 .
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The dynamic nature of mucin particles and their continuous disaggregation and reaggregation was also demonstrated in experiments with filtration when non-sonicated mucin dispersion was passed through 0.2 µm filter and it still showed the presence of particles whose size exceeds 0.2 µm (data is not shown). This observation confirms that mucin particles could be either deformed or disaggregated to pass 0.2 µm filter pores but they reaggregate again to form larger particles.
TEM was also used to study the changes that occurred with mucin particles. Earlier Fiebrig et al [21] have reported the TEM study of porcine gastric mucin and the products of its interactions with chitosan. In the sample of mucin they observed the presence of swollen 50-150 nm structures joined by 200-400 nm long and thin linker regions. It was also demonstrated that the technique used for sample preparation has a substantial effect on the mucin structural features observed in TEM. The other authors have reported the presence of a dumbbell-shape structures in mucin samples. [22, 23] Our TEM results confirm that nonsonicated mucin is a very polydisperse system with the presence of numerous globular shape objects (around 25 nm in diameter) linked with bridges of around 25-75 nm in length ( Figure 3 ). This result is in excellent agreement with the data reported by Znamenskaya et al [23] : they used atomic force microscopy and observed the presence of dumbbell-like structures with 20 nm globules connected with 20 -150 nm thin linker regions. The sonication of mucin dispersions results in a change in appearance of these particles and partial disappearance of the dumbbell shape objects. After sonication the globular mucin structures become directly linked to each other without any bridges present. The disappearance of bridges between mucin globules after sample sonication is clearly observed both in case of 1 mg/mL and 10 mg/mL mucin dispersions. Some differences between the structures of mucin reported in the literature [21] and our results are likely related to the different sample preparation technique used for TEM experiments and mucin purification (e.g. we have used porcine gastric mucin samples received from Sigma-Aldrich, whilst Fiebrig et al [21] have isolated and purified their samples from fresh stomach mucosa).
Effect of sonication on the interactions between mucin and PAA 3.1.2.
Initially, isothermal titration calorimetry (ITC) was used to investigate the effect of mucin sonication on its interaction with PAA. ITC is a very powerful method to study bimolecular interactions. It has been widely used to study interactions of polymers/biopolymers with other polymers, surfactants, small molecules, etc. [19, [24] [25] [26] It measures molecular interactions in solution in terms of changes in heat, which can be exothermic or endothermic depending on the nature of the interacting species. Recently ITC has been successfully used to study mucoadhesive interactions of porcine gastric mucin with epigallocatechin gallate [27] and with chitosan. [11, 14] Three 10 mg/mL mucin dispersions were prepared at pH 3.0. Two of the samples were subjected to sonication for 5 and 15 min, respectively. Samples were then titrated with 1 mg/mL of PAA solution (Figure 4 ). ITC raw data showed the evidence of exothermic interaction between PAA and mucin ( Figure 2s , Supporting information). Exothermic effects are often associated with hydrogen bonding, [24] which indicates that this could be a predominant nature of mucin-PAA interactions. This conclusion is in good agreement with Patel et al. [15] Sonication was found to have a significant (p<0.05) effect on the intensity of PAA-mucin interactions: stronger exothermic events are observed for sonicated mucin samples with higher ΔH values ( to study by ITC and show that the dimensional and physical properties of the mucin sample cannot be ignored. The majority of previous applications of ITC were focused on molecularly dispersed systems such as polymer-polymer complexes, [24, 28] protein-small molecules, [29, 30] DNA/RNA -dendrimer binding, [31] metal ion -small chelate molecules, etc. [26] The recent publications on the use of ITC to study porcine gastric mucin interactions with chitosan or with epigallocatechin gallate either used a soluble and purified fraction of mucin extracted from commercial samples [11, 27] or simply disregarded the colloidal nature of mucin dispersions. [14] Our data indicate that ITC could potentially be used to study interactions in systems involving colloidal particles; however, care must be taken in interpretation of the results where only particle surface groups will be involved in these interactions.
Interactions between PGM and different water-soluble polymers 3.2.
The interaction between PGM and different water-soluble polymers was studied using a selection of physicochemical methods as shown below. All these experiments were performed with PGM dispersions sonicated for 15 min. (Figure 1s, Supporting information) . Similar behaviour is observed upon addition of PMAA to mucin dispersions; however, the aggregation in this case is less pronounced.
The addition of a small molecular weight PAA (2 kDa) to mucin does not cause any increase in turbidity and gradually results in its reduction, indicating the absence of any specific interactions. A reasonable explanation for this effect is that the small molecular weight PAA does not bind to mucin particles and could not cause their aggregation because its molecular weight is below the critical chain length of this polymer. For the polymer to promote aggregation of the system a cooperative interaction is seen where the presence of long polymer chains is needed. A similar lack of interaction of PAA (2 kDa) was reported previously in a study of the effect of molecular weight of PAA on its intermacromolecular complex formation with some non-ionic polymers such as hydroxyethylcellulose in aqueous solutions. [32] Like PAA (2 kDa), the turbidity of mucin dispersions decreased in a linear fashion upon addition of PEO and PEG. This would reflect the inability of PEG and PEO to form strong hydrogen bonds with mucin. These observations are in agreement with the findings by Wang et al [33] and Irmukhametova et al, [34] who reported that PEGs with low molecular weights (2 kDa and 5 kDa) are non-mucoadhesive.
ITC was also used to assess the effect of molecular weight and the polymer nature on the interactions with PGM ( Figure 6 ). Initially, phosphate buffer was titrated against 10 mg/mL PAA (450 kDa) and used as a control. ITC data agreed with the results obtained from turbidimetric measurements. The ITC results recorded for titration of PGM with PAA (2 kDa) show little difference from the control experiment when PAA sample was simply diluted with phosphate buffer. This confirms that there is no interaction between PGM and PAA (2 kDa). In contrast, the interaction between PGM and PAA (450 kDa) was exothermic under the experimental conditions. The effect of the polymer nature showed that the interaction of PAA (450 kDa) with PGM is more pronounced compared to PMAA (100 kDa). The ΔH value recorded for the interaction of PAA (450 kDa) with PGM was higher than the ΔH of PMAA (100 kDa) -PGM; this is in line with turbidimetric results and indicates weaker interactions involving more hydrophobic PMAA ( Table 2) .
Effect of urea on the interactions between PGM and PAA 3.3.
The interactions between PAA (450 kDa) and PGM were also studied in solutions containing different concentrations of urea (1-8 mol/L) using both turbidimetric titration and ITC. Preliminary experiments showed that addition of urea to PGM dispersions changes the structure of mucin particles: when urea concentration increases from 0 to 2 mol/L, this results in higher turbidity values, indicating partial swelling of mucin particles. A further increase in urea concentration from 4 to 8 mol/L results in a dramatic reduction of initial turbidity of mucin dispersions. Urea is known to act as a strong competitor for hydrogen bonds and its presence in mucin dispersions may cause the partial disruption of intra-particle hydrogen bonds that may hold smaller mucin particles together [35] . This is in agreement with our previous report [10] and is also confirmed by additional dynamic light scattering measurements of mucin dispersions in solutions containing different concentrations of urea 
Supporting Information
Raw ITC data for the effects of sonication, polymer nature and urea content in solutions on the interactions; dynamic light scattering data on dispersions of PGM in urea solutions.
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Figure 4
Effect of sonication on the interaction between PGM and PAA studied using ITC.
10 mg/mL PGM dispersions were sonicated for 0 min (1), 5 min (2) and 15 min (3) and then were titrated with 1 mg/mL PAA at pH 3.0. Error bars are not shown to avoid figure overcrowding. Raw ITC data could be found in Figure 2S (Supporting information). 
Figure 6
Effect of the nature and molecular weight of poly(carboxylic acids) on the aggregation of mucin using ITC. 1 mg/mL of PGM was titrated with 10 mg/mL of PAA 2 kDa (1), PAA 450 kDa (2) and PMAA 100 kDa (3). Phosphate buffer was titrated with 10 mg/mL PAA (450 kDa) and used as a control. Raw ITC data could be found in Figure 3S (Supporting information). 
TABLES
